SUMMARY. Grandidierite has been identified in two aluminous metasedimentary xenoliths from quartz-latitic volcanic rocks from Mt. Amiata and Mt. Cimino, central Italy. Physical and electron microprobe data for the grandidierites and petrological data for the grandidieritebearing xenoliths are presented. The grandidierites formed by a reaction involving pre-existing aluminium rich minerals, possibly at temperatures of at least 8oo ~ and at low pressures. The grandidierite from Mt. Amiata replaces sillimanite. Several common characteristics can be demonstrated for magmatic and metamorphic grandidierite-bearing rocks. It is suggested that metamorphic rocks in which grandidierite occurs have often undergone partial melting.
THE rare Mg-, Fe-, Al-borosilicate grandidierite has been identified in the course of a detailed study of metasedimentary xenoliths from acid volcanics of southern Tuscany and northern Latium, Italy. The volcanic rocks are part of two PliocenePleistocene volcanic complexes: Mt. Amiata and Mt. Cimino ( fig. I ). Both belong to the TuscanLatian Magmatic Province, which is characterized by extrusive and intrusive acidic rocks of crustal anatectic origin (Marinelli, [967) . The Mt. Cimino complex is surrounded and partly covered by the Quaternary potassic alkaline products of the Roman Magmatic Province. Chemical, petrological, and volcanological data for Mt. Amiata are 
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given by Mazzuoli and Pratesi (1963) and for Mt. Cimino by Puxeddu (I97I) and Micheluccini et al. (I970. Most volcanic rocks of the complexes contain abundant, predominantly aluminous, xenoliths of metasedimentary origin. Grandidierite was observed in only one xenolith from each complex. Hitherto grandidierite has been described from aplitic and pegmatitic rocks by Lacroix (1922 , cited by McKie, 1965 and Zav'yalova et al. (1975) , from crystalline rocks associated with charnockites by McKie (I965) and von Knorring et al. (1969) , from high-grade regional metamorphic rocks by de Villiers (194o),* Krogh ( 1975) , and Vrhna (1979) , from rocks in contact aureoles by Black (I 970) and Brewer et al. (I 979) , and from xenoliths in intrusive bodies by de Roever and Kieft (I976) and Semroud et al. (1976) . Grandidierite has not been previously described from xenoliths in volcanic rocks, and the samples described in this paper represent the first recorded discovery of grandidierite in Italy.
Petrography
Mt. Amiata sample. The hornfels-like xenolith, MA 4.1 (about 15 x 5 cm), was collected from the Corno di Bellaria flow (Mazzuoli and Pratesi, 1963) , which is a quartz-latite perlitic lava. The xenolith is fine grained and shows a concentric zonation. The central part, in which most of the grandidierite is concentrated, consists mainly of sanidine, green spinel, and biotite, while plagioclase and biotite are the major phases in the ~ o.5 cm wide rim. Hypersthene is present in the outer part of this rim. The total amount of grandidierite in the xenolith is less than I~o. Accessory minerals are sillimanite, ilmenite, graphite, apatite, and zircon. The spinel * de VilIiers considered his sample to be of pegmatitic origin. Following Vr~ina (1979) it is listed under regional metamorphic rocks, based on the similarities with the occurrence described by this author.
M . J . VAN B E R G E N occurs both disseminated through the xenolith and in concentrations together with a turbid isotropic mass (presumably altered plagioclase) around grandidierite crystals ( fig. 2a) .
These concentrations have the shape of square prisms, up to I cm long, and are believed to be pseudomorphs after andalusite, which is often replaced by sillimanite during high-grade thermometamorphism before complete conversion into the spinel with or without plagioclase has taken place, as observed in other xenoliths (van Bergen, in prep.) . Parallel orientated ilmenite grains indicate a weak relict foliation.
Grandidierite occurs almost exclusively within the spinel pseudomorphs. It forms idiomorphic crystals with the shape of slender prisms, up to I cm long and less than i mm wide. A representative basal section is shown in fig, 2b . Locally a poor (I oo) cleavage is visible. The crystals have irregular cracks, parallel to the basal plane, and they often contain small rounded spinel inclusions ( fig. 2C ).
The c axes of the grandidierites are generally parallel to the long axes of the prism-shaped spinel pseudomorphs. Although closely associated with spinel, grandidierite also shows grain-to-grain contacts with biotite and feldspars. A sillimanite relict, containing several idiomorphic grandidierite crystals, was found in the core of one spinel pseudomorph ( fig. 2d ). The grandidierite is strongly birefringent and displays a characteristic blue pleochroism. The extinction is straight and the elongation is variable. The optical axial plane is parallel to (ooI). Refractive indices and further optical data are given in Table I . Table II . This pattern identifies the mineral as grandidierite.
Sanidine is the major phase. It has a variable grain size. The smaller grains tend to form polygonal textures, especially where the sanidine is free of inclusions. Plagioclase grains are irregular in shape and are often separated from each other by a thin glass film. Glass, either alone or around small spinel grains, is also present as inclusions in the plagioclase. Some plagioclase grains show a slight normal zonation. Spinel, abundant and ubiquitous, is dark green and hercynitic. It forms subidiomorphic to idiomorphic crystals. Biotite is strongly pleochroic: ~ yellow and ? dark brown. The randomly orientated crystals often contain ilmenite and spinel inclusions.
Mt. Cimino sample. The xenolith, MC 6.9 (about t2 x 6 era), has roughly the same characteristics as the Mt. Amiata sample. It was found in a quartzlatitic ignimbrite near Bagnaia (see map by Micheluccini et al., I97I ) . The main components are sanidine, green spinel, biotite, and plagioclase. Corundum is present as relatively large anidiomorphic grains, mainly in spinel-rich parts ( fig. 2e ). The zonation within the xenolith and the accessory mineral content are similar to MA 4. i, except for the absence of sillimanite relicts. The spinel pseudomorphs, which occur in MA 4.I, are also lacking. Grandidierite is disseminated through the rock and is usually accompanied by spinel. It has essentially the same properties as in MA 4.I, but the crystals are considerably smaller and they are corroded along crystal boundaries and cracks. The largest dimensions rarely exceed I OO microns. Several crystals are enclosed in biotite. Apart from contact with biotite there are also grain-to-grain contacts with feldspars and corundum. Optical data are given in Table I a~d a single-crystal X-ray pattern in Table II . Plagioclase is not limited to a plagioclase-biotite rim. The characteristics of the other main phases do not differ from MA 4.I.
Mineral chemistry
Electron microprobe analyses of the grandidierites were carried out at two laboratories using different apparatus. The results and mean values are listed in Table HI . The boron contents, which are expected to be about IO-~2 wt ~o, could not be determined. The analyses are in good agreement with data in the literature (cf. Semroud et al., I976, Table I ). The Fe/(Fe + Mg) ratios, calculated from the mean values, are relatively high and in fact the MA 4A grandidierite is the most Fe-rich natural specimen described to date. The combination of the high Fe/(Fe + Mg) ratio and the high refractive indices (Table I) OrsaAn I for MA 4A and AblsOr81Anl for MC 6. 9. As most analyses were carried out on minerals in An percentages of unzoned plagioclases range from close proximity to each other, the XFe values may be representative of at least local equilibrium, especially regarding the closely associated grandidierite and spinel or part of the spinel. Although total rock equilibrium may not have been reached, the following general relation holds:
X~Pe l > ~F i > X~ rand 55 to 58 700 and from 47 to 73 ~o respectively. An contents increase from the core to the rim of the xenoliths, i.e. towards the volcanic rock.
Genesis of the grandidierite
The following genetic sequence for the grandidierite-bearing core of sample MA 4.i is Electron microprobe analyses on the same polished thin sections were performed both at the electron microprobe laboratory of the Instituut voor Aardwetenschappen, Vrije Universiteit Amsterdam (1 and 3) and at the Vening Meinesz Laboratorium voor Geochemie en Mineralogie, Rijks Universiteit Utrecht (2 and 4) by P. Maaskant and the author respectively. 1, 2, 3 and 4: mean values of at least four grains, n.d.: not determined. based on textural relations, including those observed in similar xenoliths (van Bergen, in prep.) . Sillimanite, which is probably a paramorph after andalusite, is clearly a relict phase. Green spinel partly replaced the sillimanite along crystal boundaries and it formed spinel pseudomorphs. In other xenoliths sillimanite and pre-existing andalusite are often replaced by spinel with or without plagioclase. Subsequently the remaining sillimanite was converted to grandidierite. Some of the spinel was used in this reaction. The oftenobserved preferential orientation in the pseudomorphs may be the result of some similarity in crystal structure between grandidierite and sillimanite. According to Stephenson and Moore (I968) the structural relationship with andalusite is closer, however. Biotite is generally a late phase, although the presence of an early generation cannot be excluded. Sanidine is clearly the last-formed mineral.
Because in MC 6.9 sillimanite is absent and the grandidierite is more or less randomly distributed, there is no evidence that grandidierite formed by the same mechanism as in MA 4A. The genetic sequence of spinel, grandidierite, biotite, and sanidine is similar. Plagioclase is a late phase but is prior to sanidine. Time relations between corundum and grandidierite and between corundum and spinel are not quite clear. Other xenoliths show corundum to be contemporaneous with or later than spinel. That grandidierite is found in spinelrich parts of the sample and that it contains small rounded spinel inclusions emphasize a genetic relation with the spinel.
Two stages can be distinguished in the thermometamorphism which in general affected the Mt. Amiata and Mt. Cimino xenoliths: a contactmetamorphic stage and a subsequent pyrometamorphic stage (Rodolico, i935). The grandidieritebearing samples show aspects of both stages. Although a strict separation between these stages is difficult, the generation of grandidierite is most likely to have taken place during the latter.
Crystallization of grandidierite after engulfment of the xenoliths by the magma might point to a metasomatic supply of boron from the magma. However, the scarcity of grandidierite-bearing xenoliths, and the fact that in the same outcrops similar xenoliths do not contain grandidierite (nor tourmaline nor any other boron mineral) make it improbable that the magma was the source of boron. The small amounts of grandidierite may have derived boron from primary tourmaline, either directly by a high-temperature transition of tourmaline into grandidierite (MC 6.9 (?)), or after a small-scale redistribution of boron (MA 4.I, MC 6.9 (?)) possibly by means of an interstitial melt. Regarding other grandidierite occurrences in metamorphic environments, most authors are also inclined to attribute its presence to a boron enrichment of the original sediments (Krogh, 1975; Semroud et al., I976; de Roever and Kieft, I976 ) although elsewhere boron metasomatism may have taken place (e.g. Black, I97o ).
Comparison with other occurrences
Grandidierite has been described from pegmatitic and aplitic rocks, crystalline rocks associated with charnockites, high-grade regional metamorphic rocks, and thermometamorphic rocks (contact aureoles and xenoliths). Although petrological data on some grandidierite occurrences, especially those in Madagascar, are inadequate, it seems possible to recognize some common characteristics in all of these rocks and to discuss the implications with respect to the formation of grandidierite. All occurrences known to the author are listed in Table IV , together with mineral associations and references. In addition, a recently reported occurrence in the aureole of a hypersthene granodiorite in the Mchinji area, Malawi, may be mentioned (Brewer et al., 1979) . Here grandidierite and tourmaline occur sporadically in an originally low-grade quartz-rich metasedimentary rock, the former only in association with sillimanite that probably originated during thermometamorphism. The uncertain occurrence recorded by Hlawatsch (I 918, cited by McKie, i965) has not been included. Apart from the common presence of biotite/ phlogopite, the dominant presence of aluminiumrich minerals is' striking. The genesis of grandidierite is related to aluminous rocks, which is in accordance with its mineral chemistry (Semroud et al., I976 ) . These authors pay attention to the fact that in magmatic and metamorphic rocks grandidierite usually crystallizes after the aluminium-rich minerals and before feldspars and quartz (if present). The Mt. Amiata and Mt. Cimino occurrences are good examples of this genetic sequence.
Direct crystallization of grandidierite instead of an A12SiO s phase in boron-enrichedenvironments is suggested by McKie (I965) for contaminated magmas, and by Krogh (I975) for metamorphic rocks. In experiments Rosenberg and Foit (i975, cited by Olesch and Seifert, i976 ) found grandidierite as a high-temperature breakdown product of tourmaline.
For the formation of grandidierite, reaction of aluminium-rich minerals with boron or boron minerals must also be taken into account, especially with regard to the sillimanite-bearing Mt. Amiata rock and the above-mentioned genetic sequence. Evidence for reaction with other boron minerals is scarce. The presence of tourmaline next to grandidierite is reported only from Transbaikaliya (Zav'yalova et al., I975) , while in the New Zealand occurrences tourmaline belongs to a late hydrothermal phase (Black, I97O), and in both the Natal and Lukusuzi River occurrences grandidierite predates kornerupine and tourmaline (de Villiers, I94O; Vrhna, i979). The reaction with boron must be seriously considered. This element may be derived from a melt phase, the presence of which is obvious for the magmatic occurrences. The former presence of an interstitial melt phase in several other occurrences cannot be excluded. Partial melting could have taken place to a limited extent in the central Italian xenoliths. De Roever and Kieft (I976) suggest partial anatexis for the Maratakka xenoliths and it is interesting to notice the common absence of at least one of the leucocratic minerals (quartz, plagioclase, K feldspar) in almost all nonvein rocks (Table IV) . In Transbaikaliya grandidierite-bearing aplitic and granitic veinlets cut hornfelses with interstitial segregations of quartz and K-feldspar (Zav'yalova et al., I975) . Partial melting may lead to the aluminous environments favourable for the formation of grandidierite, and the conditions of partial melting are compatible with some independent P-T estimations on the stability of this mineral (see below). Consequently a grandidierite-forming reaction involving aluminium minerals and boron from a melt-phase must be considered for some of the magmatic as well as the metamorphic rock types.
Stability of grandidierite
The pegmatitic and aplitic occurrences indicate that grandidierite is stable under relatively hightemperature conditions. Estimates of temperatures for the metamorphic occurrences yielded minimum values of 600 ~ for the Cuvier Island aureole (Black, I97O) and 700 ~ for the Maratakka xenoliths (de Roever and Kieft, i976), both based on mineral assemblages. Krogh (I975) , using various geothermometers, calculated temperatures of 850-900 ~ for the Vestpolltind area. Pressure estimates range from less than 30o bars (Cuvier Island) to IO kb (Vestpolltind). As for the central Italian occurrences Puxeddu (I97X) estimated the lower limits of temperature of the Mt. Cimino magma at its origin between 850 and 880 ~ on chemical grounds, and because of the similarity between the twojnagmas approximately the same temperatures could apply to the Mt. Amiata magma. The mineral contents of the grandidierite-bearing xenoliths within the volcanic rocks of Mt. Cimino and Mt. Amiata point to temperatures of the sanidinite facies. The occurrence of grandidierite in xenoliths in lavas suggests that at high temperatures this mineral is stable at very low pressures.
In synthetic systems grandidierite was first mentioned by Rosenberg and Foit (op. cit.) as a hightemperature breakdown product of alkali-free tourmalines. Olesch and Seifert (I976) synthesized the Mg end-member at PH~O -----I kbar and ternperatures above 780 ~ and a grandidierite with XFe = O. I at 700 ~ with QFM buffer. From an experimental study of kornerupine, Werding and Schreyer (i978) suggested that grandidierite is restricted to environments with relatively high boron/water ratios.
In general grandidierite is a high-temperature mineral, probably stable from very low to high pressures. It is likely to be the natural hightemperature breakdown product of tourmaline and a stable equivalent of this mineral in boronenriched aluminous rock systems. While tourmaline is a common mineral in contact aureoles around acid intrusives, grandidierite is often associated with thermometamorphic rocks in relation to intrusive bodies which are generally more basic: granodioritic (Tizi-Ouchen, Mchinji area), dioritic (Cuvier Island), essexitic-granodioritic (Transbaikaliya), gabbroic (Maratakka). If the influence of total-rock chemistry (e.g. Na content) can be neglected, this can be explained by temperature differences. The high temperature of more basic intrusions favours the growth of grandidierite rather than tourmaline, provided that enough boron is present in the country rock at the peak of thermometamorphism. If the boron is supplied by the magma during cooling, tourmaline may be expected to be the stable boron mineral also around more basic intrusives.
